The metabolism of phosphatidylglycerol and lysyl phosphatidylglycerol was studied in Staphylococcus aureus under four conditions: growing at pH 7.0 and 5.2, and not growing (resting) at pH 7.0 and 5.2. Measurements of the amounts of phosphatidylglycerol and lysyl phosphatidylglycerol, as well as labeling and pulsechase experiments, revealed that the phosphate group of the former and the lysyl group of the latter were in a state of active turnover. A marked decline in the cellular level of phosphatidylglycerol observed when cells were resting at pH 5.2 was found to be caused by both a decrease in synthesis and an increase in catabolism. The level of lysyl phosphatidylglycerol was found to be relatively constant under the four incubation conditions, although the lysyl moiety was in a state of turnover. Experiments designed to test the possible role of lysyl phosphatidylglycerol as a lysyl group donor in biosynthetic processes or in lysine transport were negative; no evidence to support the hypothesis that lysyl phosphatidylglycerol serves as an intermediate was obtained.
The metabolism of phosphatidylglycerol and lysyl phosphatidylglycerol was studied in Staphylococcus aureus under four conditions: growing at pH 7.0 and 5.2, and not growing (resting) at pH 7.0 and 5.2. Measurements of the amounts of phosphatidylglycerol and lysyl phosphatidylglycerol, as well as labeling and pulsechase experiments, revealed that the phosphate group of the former and the lysyl group of the latter were in a state of active turnover. A marked decline in the cellular level of phosphatidylglycerol observed when cells were resting at pH 5.2 was found to be caused by both a decrease in synthesis and an increase in catabolism. The level of lysyl phosphatidylglycerol was found to be relatively constant under the four incubation conditions, although the lysyl moiety was in a state of turnover. Experiments designed to test the possible role of lysyl phosphatidylglycerol as a lysyl group donor in biosynthetic processes or in lysine transport were negative; no evidence to support the hypothesis that lysyl phosphatidylglycerol serves as an intermediate was obtained.
The discovery of aminoacyl derivatives of phosphatidylglycerol in Clostridium welchii was reported over 8 years ago by Macfarlane (13) . Since that time the presence of these compounds in a variety of gram-positive bacteria [Lennarz, Bacterial Lipids, in S. Wakil (ed.), Lipid Metabolism, Academic Press Inc., in press] and in Mycoplasma (17, 18) has been demonstrated, and their mode of biosynthesis has been elucidated (6, 12) . The function of these compounds, however, remains unknown. Several investigations have demonstrated an effect of low pH on the proportion of aminoacyl phospholipids found in the total cellular lipids of bacteria (8, 9) . The present study represents an extension of such investigations. In a search for a possible function for these compounds, the metabolism of the two major lipids of Staphylococcus aureus, lysyl phosphatidylglycerol and phosphatidylglycerol, was studied as a function of the pH and the nutritional content of the growth media of the cells.
MATERIALS AND METHODS
Erythromycin lactobionate and sodium cephalothin were purchased from Abbott Laboratories and Eli Lilly Co., respectively. L-Lysine-U-14C (specific activity, 247 mCi/mmole), was purchased from New 13GOULD AND LENNARZ 0.2; biotin, 0.01; and folic acid, 0.01; dissolved in 10 ml of distilled water.
Solution 5 was a 50% glucose solution containing 10 g of glucose dissolved in 10 ml of distilled water.
Growth medium (GM) at pH 7.0 was used for initial growth of cells utilized in metabolic studies. It contained: solution 1, 770 ml; solution 2, 100 ml; solution 3a, 100 ml; solution 4, 10 ml; solution 5, 20 ml. GM at pH 5.2 was identical except that solution 3a was replaced by solution 3b. Resting medium (RM) at pH 7.0 and RM at pH 5.2 were identical to the GM except that distilled water was substituted for solutions 1, 2, and 4. Except where noted otherwise, all media were supplemented with L-lysine at a final concentration of 5 mM.
Radioactive measurements. Radioactive measurements were made on a Packard Tri-arb liquid scintillation counter. The lipid extracts were counted in 5 ml of toluene scintillation fluid after the chloroform was evaporated from the samples. Radioactive compounds on paper chromatograms were measured by cutting zones from the paper and counting them in 15 ml of toluene scintillation fluid. Aqueous solutions, containing up to 2.5 ml of liquid, were counted in 15 ml of Triton scintillation fluid. Radioactivity in whole-cell uptake experiments was measured after 15 ml of Triton scintillation fluid was added to vials containing washed cells collected on a membrane filter (Millipore Corp.). Toluene scintillation fluid contained 4 g of 2,5-diphenyloxazole (PPO) and 100 mg of 1,4-bis[2-(5-phenyloxazolyl)]benzene (POPOP) per liter of toluene. Triton scintillation fluid contained 667 ml of toluene, 333 ml of purified Triton X-100, 5.5 g of PPO, and 125 mg of dimethyl POPOP.
Preparation of cells. A loopful of S. aureus 292 was transferred from a slant to 10 ml of chemically defined medium containing 50 ,umoles of L-lysine, and the cultures were grown overnight to stationary phase (850 Klett units with a no. 66 filter). These cultures were diluted fourfold with 30 ml of fresh medium lacking lysine and were grown for approximately 2 hr into the exponential growth phase (500 to 550 Klett units). The cells were harvested by centrifugation (12,000 rev/min for 10 min) and were resuspended with a syringe in 20 ml of citrate-phosphate buffer, pH 6.2. (The buffer was prepared by 10-fold dilution of equal volumes of pH 7.0 and pH 5.2 citrate-phosphate buffers, i.e., solutions 3a and 3b.) The cells were washed a second time with pH 6.2 buffer, and during the second wash the suspended cells were divided into four portions. After the second wash, the cell pellets were suspended in the four different media. The washing and resuspension procedure was carried out with the cells at twice the concentration at which they were initially harvested. 10 ; adenosine triphosphate (pH 7.0), 1.0; MgCl2, 7.0; 14C-L-lysine (specific activity, 29.1 mCi/mmole), 1.7 X 10-3; in a volume of 0.225 ml. Tubes containing the reaction components were incubated at 30 C, and 0.1 ml of the reaction mixture was spotted on Whatman no. 1 discs after 10 and 15 min of incubation. The amount of 14C-lysyl tRNA synthesized was determined after the unreacted 14C-lysine was washed from the discs with cold 10% trichloroacetic acid (1).
The added hydrolysate containing 12C-lysine reduced the amount of radioactive lysine esterified onto tRNA according to the principle of isotopic dilution. The amount of lysyl phosphatidylglycerol in the lipid was calculated from measurements of the radioactive lysine charged onto tRNA in the absence and presence of the added hydrolysate. The ratio of radioactivity incorporated into tRNA in the absence of hydrolysate (Co) to that incorporated into tRNA in the presence of hydrolysate (C.) was used as a PHOSPHOLIPID METABOLISM IN S. AUREUS basis of this calculation. A standard curve of Co/C. versus added '2C-lysine was prepared with known amounts of IC-lysine and "4C-lysine, and a, linear response between the C0/C. ratio and lysine added was found over the range from 0.5 to 3.0 nmoles of lysine. Portions of 140 or /x of the hydrolysate contained 12C-lysine levels in this range and were added to the lysyl tRNA charging reaction. Controls containing unlabeled lysine standards were run with each experiment. Lysyl phosphatidylglycerol levels were determined from duplicate lipid extractions, each of which was assayed with two levels of hydrolysate residue. The possibility that the hydrolysate residue contained contaminating material that would affect the lysine charging reaction was ruled out by control experiments in which the hydrolysate was supplemented with a known amount of unlabeled lysine, and then the total lysine content was determined by isotopic dilution. The lysine values obtained in such experiments were those expected only when no inhibitors were present.
Chromatographic procedures. Thin-layer chromatography was performed on neutral silicic acid plates. Three solvents were employed: (A) chloroformmethanol-acetic acid-water (60:40:6:10), (B) chloroform-methanol-7 N NH40H (60:30:5); (C) chloroform-methanol-water (65:25:4). The thin-layer plates were developed at room temperature until the solvent migrated to within 1 inch of the top of the plate (45 to 90 min). The radioactive phospholipids obtained after extraction of the cell suspensions were separated on silicic acid-impregnated paper eluted with solvent system B of Marinetti (14) . Paper electrophoresis was performed on Whatman 3MM paper for 1.5 hr at 100 v/cm with an electrolyte of 2.5% formic acid, 7.8% acetic acid, pH 1.85. RESULTS Alterations in the phospholipid content of S. aureus as a function of incubation conditions. One of the major aims of this study was to gain an understanding of the metabolism of lysyl phosphatidylglycerol in vivo and to elucidate the relationship between its metabolism and that of the other major phospholipid in S. aureus, phosphatidylglycerol. Therefore, the phospholipid levels of S. aureus 292, a lysine auxotroph, were studied as a function of the medium in which the cells were incubated. The four conditions examined were GM at pH 7.0 and 5.2 and RM at pH 7.0 and 5.2.
The growth or viability, or both, of cells incubated under these conditions was investigated before these experiments. The optical density of cells incubated under three of the four conditions for 60 min remained constant; an increase of approximately 16% in the optical density was noted during incubations at pH 7.0 in GM. Measurements of cell viability by serial dilution and colony-counting techniques indicated that cells in all four media retained full viability during an incubation of 60 min.
Extraction of phospholipids from S. aureus. To achieve reliable measurements of changes in the phospholipid content in the cells, a variety of methods was tested to obtain maximal extraction of total phospholipids (measured by lipid-bound phosphate extracted into chloroform-methanol) and lysyl phosphatidylglycerol (measured by lipid-bound lysine). The most effective extraction procedure, which was used in all subsequent work, was direct extraction of cell suspensions at 37 C for 1.5 hr with acidified chloroform-methanol (2:1). Longer extraction was not found to increase the yield of either total cellular phospholipid or lysyl phosphatidylglycerol.
When acid was omitted during the extraction or when cell pellets, rather than cells suspended in media, were extracted by the method of Folch et al. (4), the amount of lipid-bound phosphate was essentially unchanged, but the level of lipidbound lysine extracted was considerably lower. The lipid-bound lysine extracted from the cell suspensions was shown by thin-layer chromatography (solvent systems A, B, and C) to be in lysyl phosphatidylglycerol. The quantities of lipid phosphate and lipid lysine extracted from cells were independent of the media in which the cells were suspended. Other workers have demonstrated the effectiveness of extraction of phospholipid from animal tissues with acidified chloroform-methanol (3, 7) .
Changes in total phospholipid content during incubations. The results of measurements of total phospholipid content of cell suspensions incubated for various times under the four conditions are presented in Fig. 1 . Incubation of the cell suspensions under all of these conditions caused a rapid and marked change in phospholipid levels.
An immediate and sustained increase in lipid phosphate was observed with the cells incubated at pH 7.0 in growing medium. The level of lipid phosphate increased about 20% in 30 min, and the further increase paralleled increases in the cell density. Even when the phosphate values were corrected for the increase in cell density (see Fig.  1 To determine how the individual levels of the two major phospholipids were altered during the incubations, the level of lysyl phosphatidylglycerol was measured during the course of the incubation. Total lipid was isolated from cell suspensions and hydrolyzed with acid; the lysine content of the hydrolysate was determined. Changes in the levels of lysyl phosphatidylglycerol were relatively slight when compared with changes in the total cellular phospholipid (Fig. 2) . Thus, it is clear that the major decline in the total phospholipid content of S. aureus observed under three of the four conditions (Fig. 1 ) must result from an alteration in the metabolism of the major component, phosphatidylglycerol. This phenomenon is illustrated in Fig. 3 , in which the phosphatidylglycerol content was calculated from the values for total phospholipid content and lysyl phosphatidylglycerol content.
From data in Fig. 2 and 3 , the relative proportions of lysyl phosphatidylglycerol and phospha-7.0 GM tidylglycerol present in cells incubated under the different conditions for 60 min were determined (Fig. 4) . A wide range in the proportions of the TOGD, two major lipids of S. aureus was observed. The O0DGM( 2W2) ratio of lysyl phosphatidylglycerol to phosphatidylglycerol was highest at pH 5.2 in RM and lowest at pH 7.7 in GM. Intermediate proportions of the two lipids were observed under the 5.2 GM other two incubation conditions. These results 7.0 RM show that S. aureus cells incubated for a relatively short time can, depending on the environment, markedly alter the content and proportion 5.2 RM of the two major phospholipids, phosphatidylglycerol and lysyl phosphatidylglycerol. Synthesis and breakdown of 32P-labeled total phospholipids. Labeling and pulse-chase experiments were carried out with 32P-labeled lipids to investigate the differences in metabolism of the results obtained by isotopic means (Table 2) and direct measurement (Fig. 2) agree qualitatively, although there are quantitative differences which may result from variations in the pool size of lysine.
The extent of breakdown of lysyl phosphatidylglycerol was determined with 'IC-lysinegrown cells (Table 2 ). It is clear that the amounts of lysyl phosphatidylglycerol anabolized and catabolized are similar, a result that is in agreement with the finding (Fig. 2) that the content of lysyl phosphatidylglycerol in the cells remains relatively constant and is independent of changes in the incubation condition. The extent of turnover of the lysyl group was found to be somewhat greater at pH 7.0 than at pH 5.0. Breakdown was found to be only slightly altered, depending on the nutritional state of the medium in which the cells were incubated.
Studies on the function of '4C-lysyl phosphatidylglycerol. The finding that the lysyl group of lysyl phosphatidylglycerol was metabolically active prompted us to investigate the possible role of this compound as a lysyl group donor in the biosynthesis of some cellular component or in lysine transport.
Since earlier experiments indicated a significant turnover of lysyl phosphatidylglycerol in 60 min (Table 2) , the kinetics of this process was studied under each of the four incubation conditions. The lipid was labeled during growth from a small inoculum in the presence of l4C-lysine. Turnover was measured after incubation of the labeled cells in the presence of 12C-lysine. The radioactive lipid isolated from these cells before and after incubation with 12C-lysine was shown to contain radioactivity only in the lysyl moiety of lysyl phosphatidylglycerol. All of the radioactivity in the lipid extract cochromatographed with a standard of lysyl phosphatidylglycerol (system B, R,r = 0.38). After acid hydrolysis of the lipid, all of the radioactivity was liberated into a watersoluble compound identified as lysine by paper electrophoresis.
Breakdown of 14C-lysyl phosphatidylglycerol was observed under all four conditions and was found to be pH dependent (Fig. 5) . The amount of radioactivity lost from the lipid was 2.5 to 3.0 times as great at pH 7.0 compared with pH 5.2 in either GM or RM. Between 16 and 50% of the radioactivity was lost from lipid during the incubations.
The rate of breakdown of lysyl phosphatidylglycerol was found to be slightly greater with cells incubated in GM as compared to RM. A plausible explanation for this difference could be that the labeled resting cells retained an internal 14C-lysyl FIo. 5. Kinetics of 14C-lysyl phosphatidylglycerol breakdown. Cells grown from a small inoculum in the presence of 1.25 mm 14C-lysine (specific activity, 0.1 mCi/mole) were incubated (one cell unit per incubation tube) in media containing 5 mm 1C-lysine. Lipid from duplicate incubation tubes was isolated at indicated times after the chase, and the radioactive lysyl phosphatidylglycerol was determined.
tRNA pool formed during the pulse. Presumably unbound radioactive lysine associated with the cellular pool was rapidly diluted by exchange with the 'IC-lysine during the chase, whereas lysyl tRNA was only slowly diluted. In cells incubated in GM, a radioactive lysyl tRNA pool would be more effectively chased than in cells incubated in RM, because much of this pool would be utilized in protein synthesis. In view of these considerations, it is likely that the measured values of breakdown of lysyl phosphatidylglycerol represent minimal rates.
Similar results (data not shown) on the extent of breakdown were obtained when lysyl phosphatidylglycerol was prelabeled during a short incubation at pH 7.0 in RM. Although during this incubation only 0.5 to 5% of the total lysyl phosphatidylglycerol was labeled, the turnover of this "newly synthesized" lysyl phosphatidylglycerol occurred to the same extent as that of totally labeled l4C-lysyl phosphatidylglycerol. In addition, little difference was observed in the extent of turnover when cells were at a density comparable to exponential phase, rather than at the twofold concentration used in the usual in vivo incubations.
To examine the possibility that lysyl phosphatidylglycerol might serve as a lysyl group donor in a biosynthetic process, conditions were modified in an attempt to measure the 14C-lysine chased from the lipid during the turnover incubation at pH 7.0 in GM. The pulse-labeling procedure was altered so that a high percentage of 14C-lysine that became associated with the cells was incorporated into lipid as l4C-lysyl phosphatidylglycerol. Cells were pulsed in RM containing 14C-lysine for 55 min, followed by a further incubation of 5 min after addition of lIC-lysine. A chase of 90 min was then performed at pH 7.0 in GM in the presence of 12C-lysine.
A high proportion (about 57%) of the radioactive lysine incorporated into the cells during the pulse was in lysyl phosphatidylglycerol; during the chase, 50% of the radioactivity in this lipid was lost (Table 3) . During the lipid extraction of the cells, three fractions were separated: the aqueous wash, the insoluble residue (material separated from the lipid extract by centrifugation), and the lipid. The residue material was further fractionated by extraction with cold and hot trichloroacetic acid (16) . Results of this fractionation revealed that most of the radioactivity lost from the lipid was recovered in the water-soluble and cold-acid-soluble fractions. The radioactivity incorporated into these fractions was identified as free lysine by paper electrophoresis. No characterization of the increased radioactivity in the trichloroacetic acid-insoluble residue was made. The finding that the major portion of the lysine released from lysyl phosphatidylglycerol was found as free lysine makes it unlikely that this compound acts as a direct lysyl group donor in cellular processes such as protein or cell wall biosynthesis. However, to further investigate the possible role of lysyl phosphatidylglycerol as an intermediate, the effects of erythromycin (a protein synthesis inhibitor) and cephalothin (a cell wall synthesis inhibitor) on the turnover of lysyl phosphatidylglycerol were studied. If lysyl phosphatidylglycerol functioned as a lysyl group donor in protein or cell wall biosynthesis, inhibition of these processes by an appropriate inhibitor might be expected to prevent the apparent "breakdown" of lysyl phosphatidylglycerol. Neither erythromycin nor cephalothin appreciably altered the extent of turnover of the lysyl moiety of the lipid in growing medium at either pH, although the level of both inhibitors was sufficient to completely inhibit growth (Table  4) .
To investigate the possibility that lysyl phos- a Cells were pregrown in medium containing 14C-lysine, harvested, and suspended in growth medium (GM). Erythromycin (50 ;sg/ml) or cephalothin (100 jug/ml) were added as indicated. phatidylglycerol participates as a lysine carrier in lysine uptake by the cell, the kinetics of uptake and of lysyl phosphatidylglycerol turnover were compared. Such comparison (Fig. 6 ) revealed that the rate of breakdown of lysyl phosphatidylglycerol (maximum 0.24 nmole/min) was only one-tenth the rate of lysine uptake (maximum 2.4 nmoles/min) by cells incubated under the same experimental conditions. DISCUSSION The initial aim of this investigation was to study the metabolism of lysyl phosphatidylglycerol and phosphatidylglycerol in vivo, and to define the incubation conditions that result in an alteration in the relative proportion of these two lipids. Four incubation conditions were arbitrarily chosen: incubation in GM at pH 7.0 and pH 5.2, and incubation in RM at pH 7.0 and pH 5.2. During an incubation of 60 min in these media, marked differences in the level of phosphatidylglycerol were noted, the most notably being a marked decrease in phosphatidylglycerol at pH 5.2 in resting medium. This decline in the level of phosphatidylglycerol in cells at pH 5.2 was shown to be caused by both a decline in its rate of synthesis and an increase in its rate of breakdown.
In contrast, the level of lysyl phosphatidylglycerol was little affected by incubation under the four conditions. As a consequence of this fact, the marked increase in the proportion of lysyl phosphatidylglycerol observed in S. aureus at low pH can be ascribed almost entirely to a decline in the phosphatidylglycerol level, rather than to an increase in the amount of lysyl phosphatidylglycerol. Although the level of lysyl phosphatidylglycerol observed in S. aureus under these incubation conditions is relatively constant, isotopic experiments revealed that this lipid is not metabolically inert. Clearly, the lysyl group of lysyl phosphatidylglycerol is in a dynamic state of turnover; the rate of this turnover process, however, is relatively insensitive to the varied environmental conditions employed in this study.
These findings on the differences in the metabolism of these two lipids upon changes in the growth medium serve to emphasize a fact which is only now beginning to be recognized generally, namely, that most of the phospholipids in the bacteria are in a dynamic state and that alterations in factors such as pH, GM, and temperature can result in alterations in the steady-state levels of the individual lipids (10; Lennarz, in press). Thus, there is no "fixed" or characteristic quantitative composition of the lipid in the membrane of the eubacteria, and relatively subtle changes in the environment can result in marked changes in the relative amount of the different lipids. A striking example of this was observed late in this investigation (C. Kent and W. J. Lennarz, unpublished data). When incubation conditions were modified so that the cells were at a concentration equal to exponential-phase cells and aeration was increased, the level of phosphatidylglycerol was constant in growing medium at either pH. In RM these changes in conditions had no effect; the level of phosphatidylglycerol was still found to decrease markedly at pH 5.2. A further alteration in conditions by an increase in the Mg2+ ion concentration to 2.5 mm had no effect on the phosphatidylglycerol level in GM; at both pH values, the phosphatidylglycerol level was unchanged. However, an increase in Mg2+ in the RM resulted in a restoration of the phosphatidylglycerol level at pH 5.2 so that it was identical to that observed at pH 7.0. It is obvious from these findings that the phosphatidylglycerol level is sensitive to a variety of environmental factors. Therefore, the relative proportion of lysyl phosphatidylglycerol to phosphatidylglycerol in S. aureus is not a simple function of the pH of the growth medium.
The high-energy nature of the aminoacyl linkage in lysyl phosphatidylglycerol and its resemblance in this regard to aminoacyl tRNA has led to much speculation on the possible role of this compound as a lysyl group donor in some biosynthetic process. In earlier studies, Gale and Folkes (5) showed that lysyl phosphatidylglycerol is catabolized in vivo. The studies reported in this paper indicating that the lysyl group of lysyl phosphatidylglycerol is in a dynamic state of turnover prompted us to reexamine the possibility that this compound serves as a biosynthetic intermediate. Several findings argue against such a role for these compounds.
(i) Lysyl phosphatidylglycerol comprises 10 to 50% of the total phospholipid in the cells. Thus, its level is much higher than that usually found for high-energy intermediates.
(ii) The level of lysyl phosphatidylglycerol and the turnover rate of total lysyl phosphatidylglycerol, as well as that of newly synthesized lysyl phosphatidylglycerol, is little affected by growth. Thus, whether the cells are actively synthesizing cell wall, protein, and other cellular components or are in a resting state has no effect on lysyl phosphatidylglycerol metabolism.
(iii) Inhibition of cell wall and protein synthesis by antibiotics has no effect on the metabolism of lysyl phosphatidylglycerol.
(iv) Pulse-chase experiments reveal that during turnover the major portion (68%) of the lysyl group lost from lysyl phosphatidylglycerol is not directly transferred to macromolecular cellular constituents, but rather enters the free lysine pool. A smaller fraction (27%) of the lysine label from lysyl phosphatidylglycerol was found to be incorporated into cell wall or protein compounds, or both, during the chase. This could be due to the fact that a small, separate pool of lysyl phosphatidylglycerol can serve as an intermediate. More likely, however, is the possibility that a portion of the l4C-lysine released from lysyl phosphatidylglycerol does not immediately equilibrate with the 12C-lysine added during the chase.
Two lines of evidence argue against the possibility that lysyl phosphatidylglycerol serves as a carrier of lysine in the transport of lysine into the cell. First, one of the substrates involved in lysyl phosphatidylglycerol synthesis is lysyltRNA. Since lysyl-tRNA is synthesized in the cytoplasm, it is difficult to envision a mechanism by which the synthesis and breakdown of lysyl phosphatidylglycerol could serve as a transport vector. Second, the finding that the maximal rate of turnover of lysyl phosphatidylglycerol is only 10% of the rate of lysine entry into the cell would appear to rule out this possibility, although it is possible that there is a small, separate pool of lysyl phosphatidylglycerol that rapidly turns over. Certainly, none of these findings is consistent with the participation of lysyl phosphatidylglycerol as a lysyl group donor in biosynthesis or in lysine transport. Although these possibilities are not conclusively excluded by the experiments described, at the present time it seems more likely that lysyl phosphatidylglycerol simply plays a structural role in the cell membrane.
Finally, it should be mentioned that during this study a simple and rapid lipid extraction technique for the determination of nanomolar quantities of bacterial phospholipids was developed. The method, which is a modification of the procedure of Folch et al. (4) and employs direct extraction of bacterial suspensions, may be useful in other studies on bacterial lipid metabolism.
